The charcoal is a renewable natural resource, produced from wood by the process of carbonization and with great energetic importance. However, there is still little research and use of new technologies to optimize the use of wood in the production of charcoal. Therefore, the present work was aimed at analyzing the yield from forest harvesting operations for the production of charcoal. The research was developed at Vallourec e Mannesmann Florestal, a company located at Itapoã farm, municipality of Paraopeba, Minas Gerais. To this end, the harvest and timber transport operations in the short log system, the carbonization, and the properties of the charcoal produced were assessed. To this end, data was collected from eighteen 9-hour shifts for the Harvester, fifty-four 9-hour shifts for the forwarder, and 36 carbonization cycles. The equipment was analyzed working with three different log lengths-2.1 m, 3.7 m, and 5.0 m. The results demonstrate, during the cutting and processing, that the yield by cutting longer logs is higher. Likewise, at forwarding, the operation's yield increases according to log length for thick and thin logs. Finally, concerning carbonization, the yield at the furnace loading stage was higher as the length of the log used increased, however, upon unloading the furnace, it was when it decreased.
Introduction
The progressive demand for energy, coupled with the scarcity of natural resources, expose the need for renewable energy sources. Thus, wood appears as a biofuel by means of its woody material, becoming one of the leading possibilities for the provision of inputs in production processes (Lucena et al., 2011) .
In this context, charcoal is a renewable natural resource, produced from wood by the carbonization process, which consists in the heat treatment of wood in a controlled atmosphere of oxygen (Frederico, 2009) . Moreover, this feature has great economic importance for Brazil, contributing with 1.5% to the Brazilian Gross Domestic Product (GDP) in 2014 (Secretariat of Geology, Mining and Mineral Transformation-Sgm, 2015) . Among the Brazilian states, Minas Gerais is one of the predominant centers of charcoal producers, standing out for also being a great consumer of charcoal, supplying the steel plants installed in the state (Rezende & Santos, 2010) .
It is known that the yield and the quality of charcoal are higher in wood with higher densities and high lignin contents (Vale et al., 2001 ). For Damásio et al. (2015) the quality of charcoal is related to the physical and chemical properties of the wood and to the carbonization activities.
Despite the energetic importance, there is still little research developments and the use of new technologies to optimize the use of wood in the production of charcoal (Oliveira et al., 2013) . In this sense, the yield from charcoal production operations is directly influenced by the forest harvesting system adopted.
On this topic, the forest harvesting system commonly used in Brazil to produce charcoal occurs due to the reduction of labor dependence, better working conditions, reduction of the final cost of wood at the factory/production units and the need, by the industries, of a regular supply, and in increasingly quantities, of wood. Rezende et al. (1997) stated that to maintain themselves in increasing development, organizations in the forestry industry should focus primarily on optimizing these activities, improving product and service quality, reducing losses, improving equipment efficiency, maximizing productivity, and minimizing production costs. To this end, it becomes necessary to perform studies which consider the production processes of charcoal, according to the different forms of operation, quality, and yield of wood, for it presents itself as an efficient energy alternative. Among the works that deal with charcoal as an energy source are: Schmid et al. (2002) ; Darmstadt et al. (2000) ; Guo and Bustin (1998); Nishimiya et al. (1988) .
Based on this context, the present work was aimed at analyzing the yield from forest harvesting operations for the production of charcoal in the state of Minas Gerais.
Material and Methods

Study Area
The study was conducted at Vallourec e Mannesmann Florestal, a company located at Itapoã farm, municipality of Paraopeba, Minas Gerais. The altitude at the site varies between 730 and 750 meters (19°18′ W, 44°30′ S). The company operates in the primary sector with clones of the Eucalyptus spp. genus, intended for the production of charcoal. For this study, an 8-year-old natural hybrid clone of Eucalyptus urophylla was used, from a commercial field with 3 × 3 spacing, in slightly undulating terrain.
Data Collection
In this study, the harvest and timber transport operations in the short log system, carbonization, and the properties of the charcoal produced were assessed. To this end, data was collected from eighteen 9-hour shifts for the Harvester, fifty-four 9-hour shifts for the forwarder, and 36 carbonization cycles. The equipment was analyzed working with three different log lengths-2.1 m, 3.7 m, and 5.0 m. First, a survey was conducted on the technical characteristics and conditions for using mechanized assemblies. Next, equipment productivity was determined working in different situations and using the "thin" and "thick" log separation system. This process is currently used by the company and it consists of separating the lower third of the tree as "thick" wood and the upper two-thirds as "thin" wood. The equipment always works in analogous situations of topography, forest productivity, and soil type, enabling the precise comparison between the processes under study.
Characterization of Mechanized Forest Harvesting Operations
The harvesting system used in the mechanized modules is the short log one, composed of the steps of cutting, processing wood in the field, forwarding, and transporting the timber to the carbonization plant.
For cutting and processing, Harvesters (forest tractors) were used. The equipment used was composed of a Caterpillar 320D L base machine, with net power of 138 HP, and a Komatsu Forest 370e head. The machines performed the activities of cutting, delimbing, and sectioning the wood into three determined lengths (2.1 m, 3.7 m, and 5.0 m), separating them into "thin" and "thick" logs. In this step, the volume of cut wood, the hours effectively worked, diesel oil consumption, lubricating oil consumption, and chain oil consumption were measured using the equipment's on-board computer.
For forwarding, Valtra BH 180 forwarders were used. Subsequently, the volume of transported timber, the hours effectively worked, and diesel oil consumption were measured using a cubing factor for each log length (this factor was determined by sampling the transported loads). These values were then used to make up the production costs. From this step, the number of treatments analyzed was doubled due to the separation between logs classified as "thick" and "thin", performed in the previous step.
For transporting the lumber, Volkswagen VW 24250 6X2 self-loading trucks were used. Next, the transported mass was measured using a road scale.
Carbonization Process
In the carbonization process, three steps were analyzed: furnace loading, carbonization monitoring, and unloading. Subsequently, physical and chemical analyses of the charcoal produced were performed. Six rectangular FR 320 furnaces were used, whose maximum capacity is 230 st and the minimum is 160 st. The dimensions of the furnaces used were 14.31 m in length, 4.5 m wide, and ceiling height of 2.85 m (Figures 1). jas.ccsenet.
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Fixed Carbon Content
The fixed carbon content was determined according to the ABNT, NBR 8112/1986 standards, according to Equation 5:
where, CF = fixed carbon content (%); = CZ ash content (%); MV = volatile material content (%).
Granulometry
The granulometric analysis was performed according to the ABNT, NBR 7402/1982 standards. First, 10 kg of charcoal was placed in the top sieve of the vibrating equipment. Next, the equipment was turned on for 5 minutes and, then, each charcoal fraction, retained in the respective sieves, was weighed and the percentage that each mass represented from the initial mass was calculated. To obtain the granulometry, Equation 6 was used.
where, TM = Average particle size (mm); a, b, c, d..k, l, m. = mesh opening (mm); A, B, C, D, ..., K, L, M. = accumulated percentages (%).
Mechanical Strength
The charcoal's mechanical strength was determined by the breakage and abrasion indexes, using the drum and drop test methods. The performance of these tests was according to the ABNT NBR 7416/1984 and 8740/1985 standards. To perform the drop test, 10 kg of charcoal was set aside in proportion to the sample's granulometric fractions. Next, it was placed in the drop test equipment and raised to a height of 1.83 m. Upon reaching the set height, the material was subjected to a free fall. The drop procedure was repeated three times. Finally, the material was subjected to a granulometric test, according to the ABNT NBR 7402/1982 standards. The equation used for determining the breakage index by the drop teste was number 7:
where, IQ = drop breakage index (%); f = average fragment after the test; F = the average fragment after the test.
Drum Test
To perform the drum test, 10 kg of charcoal was set aside in proportion to the sample's granulometric fractions. Next, it was placed inside the testing equipment's drum and subjected to 150 rotations. Finally, the material was subjected to a new granulometric test, according to the ABNT NBR 7402/1982 standards. In Equation 8, the procedure for determining the breakage index by the drum test is described.
where, IT = breakage and abrasion by drum test (%); f = average fragment after the test; F = the average fragment before the test.
Higher Calorific Value
The higher calorific value was estimated using the Goutal equation (Mendes et al., 1982 cited by Sater et al., 2011 , as described in Equation 9.
where, PCS = Higher calorific value (kcal/kg); CF = fixed carbon content (%); MV = volatile material content (%); A = coefficient given by the MV/(MV + CF) ratio.
Results and Discussions
The results are presented and discussed in the same sequence as the operations of the harvesting system for the production of charcoal to occur, i.e., first, the results of the mechanized cutting with the Harvester are dealt with, next, the forwarding stage with the Forwarder, and then the carbonization stage.
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